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A B S T R A C T
Grass roots can harbor abundant endophytic N2-ﬁxing microbes (diazotrophs), but their abundance and
activity compared to those on legumes and in soil crusts is still unknown. Here, in a natural ecosystem,
the Serengeti of East Africa, we explored whether herbivores and soil nutrients limited grass root
endophyte diazotroph abundance and their root mass-speciﬁc and area-speciﬁc N2-ﬁxation, as they often
do for diazotrophs symbiotic with legumes and those free-living in soil. N2-ﬁxation and copy number of
the nitrogenase gene nifH was measured with stable isotope and molecular methods, respectively, for the
dominant grass Themeda triandra, and legume, Indigofera volkensii, and in the top 5 cm of soil in a 16-year
herbivore exclosure experiment across four sites that varied in mean annual rainfall and soil N, P, and
moisture. T. triandra nifH gene copy number was highly variable across sites and individuals but often
approached or exceeded that of I. volkensii roots and soils. T. triandra roots generally exhibited lower root
mass-speciﬁc N2-ﬁxation (activity), which was not reduced by herbivores and increased in drier soils. In
contrast, I. volkensii activity was only reduced by herbivores and soil diazotrophs were mostly inactive.
T. triandra exhibited greater area-speciﬁc N2-ﬁxation than I. volkensii, due to its much greater root
biomass, but this difference was reduced by herbivores. Grass-associated endophytic diazotrophs may ﬁx
far more N2 in natural systems than previously realized, and may be limited by different factors those
affecting symbiotic legume and free-living soil diazotrophs.
ã 2016 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Grasslands occupy nearly 25% of the earth’s land surface and
sustain livelihoods of nearly 1 billion people (Galvin et al., 2001).
They often exhibit higher than expected above- and belowground
productivity, even on low nutrient soils (Chidumayo, 1997;
McNaughton, 1985). Fixation of atmospheric dinitrogen (N2) by
specialist microbes (diazotrophs), sometimes found in root sheaths
of cereals and tropical grasses, may explain this discrepancy
(Bergmann et al., 2009; Chowdhury et al., 2007; Davis et al., 2010).
Despite clues that soil N2-ﬁxation is affected by grass species
composition (Patra et al., 2006) and that grass-associated N2-
ﬁxation contributes to ecosystem N availability in biofuel
monocultures (Davis et al., 2010), N2-ﬁxation by grass-associated
diazotrophs in natural ecosystems is virtually unexplored (Vitou-
sek et al., 2013). It has not been measured in natural grasslands and
compared with that of legume symbionts or free-living soil
diazotrophs at the same site. Consequently, potential contributions* Corresponding author.
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4.0/).to overall ecosystem N dynamics of N2 ﬁxation by grass-associated
diazotrophs, as compared to that of legumes and free-living soil
bacteria, are still virtually unknown.
Little is also known about the factors that might limit
grass-associated N2-ﬁxation, as many hypotheses that have been
proposed to explain variation in legume N2-ﬁxation may or may
not apply to grasses and their diazotrophs. Root mass-speciﬁc and
soil mass-speciﬁc ﬁxation by grass endophytes and free-living soil
bacteria might be less than that of legumes due to their greater
exposure to oxygen, which inhibits catalysis of the reduction of
dinitrogen (N2) to ammonium (NH4+) by the enzyme nitrogenase
(Chalk, 1991; James, 2000). Generally, N2-ﬁxation is thought to be
promoted by N-limitation, as reﬂected by lower net N mineraliza-
tion in soils (Berthrong et al., 2014; Kambatuku et al., 2013; Patra
et al., 2007; Ruess et al., 2013). For a given demand for ﬁxed N by a
plant, N2-ﬁxation may be limited by the supply of carbon (C) from
host plants or soil organic matter, and soil elements (P, Mo) that
may limit, respectively, the energy to support endothermic N2
ﬁxation reaction and/or to synthesize the N2-ﬁxing catalytic
enzyme nitrogenase (Dobereiner et al., 1972; Ruess et al., 2013;
Vitousek and Howarth, 1991; Vitousek et al., 2013). Herbivory can
impose strong limits on diazotroph plant host abundance (Ritchiele under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
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associated diazotrophs (Ruess et al., 2013; Vitousek et al., 2002,
2013), and light and nutrients to soil diazotrophs (Vitousek and
Howarth, 1991; Vitousek et al., 2013). Plant hosts might be more
abundant and/or ﬁx more N2 at higher soil P if P limits nitrogenase
synthesis (Ruess et al., 2013; Vitousek et al., 2002; Vitousek and
Howarth, 1991) or C assimilation and host growth (Vitousek et al.,
2002) or induces a greater N demand by host plants (Batterman
et al., 2013; Hedin et al., 2009). Alternatively N2-ﬁxation might be
favored at lower P if ﬁxed N is used to produce phosphatases that
help extract P for plant uptake (Houlton et al., 2008).
Grass hosts and their diazotrophs might respond to different
factors than legumes. For example, water may be especially
important for grass endophyte and free-living soil diazotrophs:
higher soil water concentrations may reduce soil oxygen levels that
inhibit nitrogenase and also increase net C assimilation and
within-plant C availability, such that diazotroph abundance and
N2-ﬁxing activity may be greater at higher rainfall (Anderson et al.,
2007b; Bergmann et al., 2009; Dobereiner et al.,1972). Grasses may
exhibit strong compensatory response to grazing that maintains
leaf area and C assimilation (McNaughton, 1985; Ritchie, 2014) and
thus might sustain C supply to diazotrophs, while herbivory of
legumes may signiﬁcantly reduce host plant abundance, leaf area
and/or C supply (Anderson et al., 2009; Ruess et al., 2013). Grasses,
and especially tropical C4 grasses that appear to show the greatest
potential for harboring diazotrophs (Davis et al., 2010; James,
2000; Reis et al., 2001), often have strong mutualistic associations
with mycorrhizal fungi (Johnson et al., 2010, 2015; Treseder et al.,
2012), and such fungi may facilitate diazotrophs by enhancing
availability of a limiting nutrient such as P
These hypotheses have not been previously tested for grass-
associated diazotrophs in comparison with legume-associated or
free-living soil diazotrophs in a natural ecosystem. Consequently,
we explored the magnitude of grass-associated nitrogenase gene
(nifH) copy number and N2 ﬁxation relative to that of legumes and
free-living bacteria in the top 5 cm of soils in a 12-year herbivore
exclosure experiment (Anderson et al., 2007b) in Serengeti
National Park (SNP), Tanzania. We measured nifH gene copy
number and N2 ﬁxing activity for each host type or soil of
diazotrophs in each of 24 plots, six at each of four sites that were
relatively similar in mean annual rainfall (660–890 mm/yr) but
differed in soil N and P. At each site, three randomly selected plots
were fenced and the other three left unfenced as controls. We
conducted these measurements for three diazotroph hosts or soil:
roots of a dominant pan-African C4 grass Themeda triandra, roots of
a dominant, ubiquitous herbaceous legume Indigofera volkensii,
plus inter-plant soil sampled to 5 cm depth. In addition, we
measured shoot and root biomass for the grass and legume to
calculate their area-speciﬁc N2 ﬁxation.
2. Materials and methods
2.1. Experimental design
All data were gathered from a grazing exclosure experiment
established in 1999 (Anderson et al., 2007b), which featured six
plots (4  4 m), spaced 20 m apart in a line, at each of eight sites
located 10 or more km apart in grassland areas visited mostly by
grazing ungulate species (Anderson et al., 2007b). Sites were
chosen to be within 1 km of large, permanent concentrations of
grazing herbivores and varied in annual rainfall, soil type, and ﬁre
frequency. Three randomly selected plots (4  4 m) at each site
were fenced with 2 m high, 8 cm mesh wire. These fences
effectively excluded all grazing mammals > 10 kg, since animals
preferred to go around rather than jump fences. The remaining
three plots at each site were unfenced controls.For this study we chose four sites representative of Acacia-
dominated woody savannas that are broadly distributed across the
park and elsewhere in Africa (Ruess and Seagle, 1994; Sinclair et al.,
2007). This allowed us to make typically noisy measurements of
multiple samples within plots and to include sites with the greatest
T. triandra and I. volkensii abundance. Two sites, TOG and MSB, had
high soil P but were the driest and wettest sites respectively, while
KCW and KUH both had extremely low soil P and similarly high
rainfall. While Acacia and other leguminous woody plants can ﬁx
nitrogen (Bai et al., 2012), measuring this can be problematic, and
our focus was on ﬁxation associated with herbaceous plants and
bacteria near the soil surface.
2.2. Biomass
Aboveground biomass was measured by clipping and weighing
all aboveground plant material, excluding gray litter from the
previous growing season, from four 15 15 cm quadrats within
each plot in May 2011, pooling the material from these quadrats
and sorting it to species, and then drying it at 45 C for three days
(McNaughton, 1985; Ritchie, 2014).
Root biomass was determined in different ways for the two
plant species. For T. triandra, we multiplied total root biomass by
the relative proportion of aboveground biomass represented by T.
triandra. under the assumption that shoot:root ratios for dominant
C4 grasses (which accounted for > 92% of aboveground biomass)
were similar among species within each site (McNaughton et al.,
1998). Total root biomass was measured with the ﬂotation method
(McKell et al., 1961) for three composite 8 cm diameter  40 cm
deep cores in each plot. Combined root cores were immersed in
water and all ﬂoating live roots were skimmed from the water
surface, and then dried and weighed at 45 C for three days to
constant mass.
Root biomass for I. volkensii was estimated non-destructively
within plots from the number and shoot length of individual
plants. In areas outside plots, we measured the root biomass for
individual plants of different shoot lengths (8–135 cm) in the
20  20 cm square surrounding each individual. The range of shoot
lengths matched that found in exclosures. Some plants were
recently browsed but some were seedlings, and the relationship
between root mass and shoot length included this uncertainty.
Because I. volkensii regrows rapidly following grazing, it was not
possible to accurately assess each plant’s grazing history, so we
could not build separate regressions for browsed versus un-
browsed plants. A total of 40 different individuals, ten from each of
the four sites, was dug up to a depth of 30 cm. The resulting soil
block was lifted and immersed in a 20 L bucket of water while
holding each target I. volkensii plant, allowing soil and roots of
other plants to be loosened and separated. Separated I. volkensii
roots were dried at 45 C to a constant mass and weighed. Root
mass was regressed against shoot length, yielding the relationship
(R2 = 0.80, df = 39, P < 0.0001):
Root Mass (g) = 10.23  ln (Shoot Length (cm))  15.29. (1)
The estimated root mass for each plant, based on its measured
aboveground shoot length, was summed over all plants in each
experimental plot and then divided by plot area,16 m2, to yield root
biomass for I. volkensii.
2.3. Soil properties
We considered N, P, and Mo as the most relevant elements
potentially limiting N2 ﬁxation and analyzed these in the soils and
aboveground leaf tissues of T. triandra and I. volkensii. Plant
extractable soil P and Mo was measured with Mehlich’s extractions
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plasma spectrometer (Anderson et al., 2007b). N mineralization
was measured by 1 M KCl extraction of soil before and after one
month of isolation in three replicate 5 cm  15 cm deep PVC tubes
in each plot. Ammonium and nitrate N (mg kg1 soil month1)
were analyzed on a Lachet (Loveland CO, USA) QuikChem1 8500.
Mean monthly soil moisture, chosen as a climate variable that
integrates rainfall and soil water-holding capacity (Ruess and
Seagle, 1994), was measured gravimetrically. All these measures
were collected each month for 24 months (April 2009–March
2011) prior to the measurements for this study and averaged to
determine a site nutrient availability characteristic.
2.4. Mass-speciﬁc N2 uptake (activity)
Labeled 15N2 uptake was measured using an in situ incubation
method (Anderson et al., 2004), modiﬁed for roots of I. volkensii
and T. triandra and for shallow soil plugs (5 cm depth). Although
N2-ﬁxation associated with cleaned, clipped roots may not match
that of intact roots in soil, the 15N2 uptake assay provides less bias
than acetylene reduction, greatly reduces the possibility of
contamination of the root surface by free-living diazotrophs,
and can be much more precisely targeted to roots of individual
plants than nitrogen dilution methods (Anderson et al., 2004;
Ruess et al., 2013) Measurements were made during the wet
season (May 2011) when soils were moist (>10% water by mass)
and plants were actively growing. Three different individual plants
of each species were completely dug up to a depth of 40 cm depth
of 90% of roots within each plot (McNaughton et al., 1998), and the
roots of each rinsed with water, disentangled from roots of other
plants and divided into a control and enriched subsample. Roots
were thoroughly but gently washed with water to remove virtually
all soil particles. Occasionally subsections of roots contained
persistent entangled soil aggregates and were removed.
Each subsample was 20 cm3 (4 cm2 5 cm depth) of surface soil
or 20 g fresh mass of roots and was placed in a 60 ml polypropylene
syringe. Speciﬁc root volume (ml/g fresh mass) was measured to
the nearest ml for each plant species from volume displaced by ten
clipped mock assay root samples prepared the same but not
assayed for 15N2 uptake immersed in 50 ml water within a 100 ml
graduated cylinder, and found to be 1.04 + 0.02 and 0.99 + 0.03 (SE)
ml/g fresh mass for T. triandra and I. volkensii respectively. Thus
each assayed root sample occupied approximately 20 ml, or 33%
(+2%) of the syringe to leave 40 ml gas. These same mock assay
samples were then dried at 45 C for three days to a constant
weight to determine a wet mass to dry mass conversion for each
plant species: 45.3 (+3.5 SE)% dry mass for T. triandra and 38.1%
(+4.1 SE)% for I. volkensii. After placing the sample in the tube with
the plunger at 40 ml, the syringe was sealed with two layers of
paraﬁlm. Prior to experiments, we tested the gas tightness of two
layers of paraﬁlm and determined that slight initial pressure on the
plunger deﬂected paraﬁlm outward from the syringe exit hole for
up to two hours, suggesting minimal (less than 1 cm3) loss of gas
during the assay. Nodules of I. volkensii in Serengeti are often
microscopic (<1 mm diameter), and diazotrophic endophytes of
grasses are distributed throughout roots, typically in tightly bound
rhizosheaths (Bergmann et al., 2009; Chowdhury et al., 2007), so
we assayed entire roots.
Each syringe with the enriched sample received an injection of
20 ml 99% 15N2 gas through the paraﬁlm, accompanied by an
adjustment of the plunger to yield a total within-syringe gas
volume of 40 ml of 50% 15N-enriched atmosphere and total volume,
including roots or soil, of approximately 60 (+4%) ml at 1-atm
pressure, and then was sealed immediately with a second layer of
paraﬁlm. Control samples received 20 ml of ambient air. Syringes
were then inserted to 5 cm depth in moist soil at a temperature of24–26 C for 20 min, and then the sample was immediately
removed and placed in a portable solar-powered box freezer
(20 C) to stop N2 ﬁxation (it was not logistically possible to use
liquid N2 in the remote Serengeti ﬁeld site). Assayed soil and roots
were later dried, ground and analyzed for d15N to 0.01m (UC Davis
Stable Isotope Laboratory), which allowed a 0.004 mg g1min1
detection limit.
N2 uptake (mg.g1min1) was estimated as [N](d15Nenriched
d15Ncontrol)/(50%  20), where [N] = mg/g N of roots or soil, d15N is
the difference between sample and atmospheric 15N expressed as a
percent measured for enrichment and control samples following
the assay, 50% is the gas enrichment, and 20 is the assay time (min).
One N2 uptake estimate for each plot was obtained by averaging
measurements for all three plants of each species in each plot.
2.5. Copy number of nifH genes
Copy number of nifH genes was measured from standard
molecular methods of DNA extraction (Peršoh et al., 2008)
followed by assessment with standard real-time PCR methods
(Demba Diallo et al., 2008) of the number per g/sample of the
nitrogenase genes, nifH, that codes for the Fe-protein of the
nitrogenase enzyme that catalyzes N2 ﬁxation. Copy number of
nifH was assessed for soils to a depth of 5 cm, targeting
photosynthetic cyanobacteria, and for plant roots used in the N2
uptake measurements. Frozen soil and roots were transported in
sealed plastic bags at 20 C by express courier to the Syracuse
University laboratory. DNA was extracted in duplicate from soil and
plant samples essentially as described previously (Peršoh et al.,
2008) with some modiﬁcations. Brieﬂy, soil and root samples were
ground in liquid nitrogen using mortar and pestle, 0.5 g of sample
was mixed with 1000 ml of extraction buffer A [0.5 M Tris-HCl (pH
6.8), 40 mM Al2(SO4)3] and vortexed. To this 66 ml of 4 M NaOH,
334 ml of 0.1 Tris–HCl (pH 8.0) were added. This mixture was
vortexed, and centrifuge at 7000 rpm for 2 min. The supernatant
was discarded and to the pellet 150 ml of 0.1 M Tris-HCl (pH 8.0)
and 325 ml of Extraction Buffer B (0.4 M LiCl 100 mM Tris-HCl,
120 mM EDTA pH8.0) were added. The samples were vortexed and
160 ml of 20% SDS and 10 ml of proteinase K (20 mg/ml) were
added. The samples were vortexed brieﬂy and then placed in a
shaker for 30–40 min at 28 C. The samples were then centrifuged
at 12,000 rpm for 10 min. (at 4 C) and the supernatant was
transferred to a new 1.5 ml tube. The samples were extracted once
with 750 ml of phenol:chloroform:isoamyl alcohol (25:24:1) and
once with750 ml of chloroform:isoamyl alcohol (24:1) and DNA
was precipitated with 0.6 volume of 3 M NaCl and 0.7 volume of
isopropanol, the pellet was washed with 70% ethanol and re-
suspended in 50 ml of ddH20.
To conduct real-time PCR, we retrieved nifH gene sequences
from the GenBank, and nifH gene-speciﬁc degenerate primers for
real-time PCR (RT-PCR) were designed following standard
methods (Demba Diallo et al., 2008). Sufﬁcient degeneracy was
introduced in the primers to maximize the ampliﬁcation of most of
the nifH genes in different prokaryote taxa (Gaby and Buckley,
2012) (forward primer: CSATCAACTTCCTBGARGA, reverse primer:
GCCATCATBTCRCCGGA). To control for differences among ﬁeld
soils in the extractability of DNA and contaminants that interfere
with PCR reactions, equal amounts of E. coli cells containing a
unique recombinant plasmid constructed in our lab (normalization
control) was added to all samples before processing for DNA
extraction. Copy number for this recombinant DNA did not
necessarily reﬂect copy numbers for nifH but did allow us to
correct for differences in the extractability of DNA among samples
in determining nifH copy number. Primers used for amplifying this
bacterial recombinant DNA were ATGCCTGCAGGTCGACTCTAG
(forward primer) and CCTTGTACTTGGTCGTGTTTGAC (reverse
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100–150 base pair amplicons. PCR reactions were set up in 16 ml
reaction volumes containing 7.5 ml iQ SYBR Green Supermix (Bio-
Rad Laboratories, USA), 0.2 mM of each primer, and 5 ml of DNA.
PCR was carried out in a iCycler iQ Real-time PCR Detection System
(BioRad Laboratories, USA). PCR conditions were 3 min at 95 C,
followed by 40 cycles of denaturation at 95 C for 30 s, annealing at
500C for 30s, elongation at 72 C for 30 s. The speciﬁcity of the PCR
reactions was determined by a melting curve analysis following
each assay by measuring ﬂuorescence every 10 s as the tempera-
ture was increased from 50 to 90 C. Puriﬁed PCR products of nifH
DNA, made using primers FGPH19 and PolR followed by primers
PolF (plus GC clamp) and AQER (Demba Diallo et al., 2008), and
internal control DNA were used to create a dilution series (1–106
copies of target DNA) to calculate the gene copy number and
ampliﬁcation efﬁciency (typically 95%). All samples were
analyzed in triplicate. All post-run data extraction and analyses
were performed using iCycler software (version 3.1, Bio-Rad
Laboratories, USA).
2.6. Area-speciﬁc N2 uptake
To determine ecosystem N inputs we measured N2-ﬁxation for
each host or soil by multiplying root biomass by activity for T.
triandra and I. volkensii, under the assumption that diazotrophs
were distributed throughout each plant species’ root system since
I. volkensii exhibited microscopic nodules distributed throughout
roots, and T. triandra likely hosted bioﬁlms of diazotrophs in
rhizosheaths (Bergmann et al., 2009). Area-speciﬁc N2 was not
calculated for soil diazotrophs because they were largely inactive.Fig. 1. Mean (+s.e.m.) abundance of nitrogenase (nifH) genes (in PCR units, copy number
triandra (Grass) (A, D), roots of Indigofera volkensii (Legume) (B, E), and soil (C, F), respectiv
Gray bars indicate plots accessible to herbivores (+Herbivore) and black bars indicate
Outcomes of statistical comparisons are reported in Table 2, and are based on ln-transf
communicate actual rates of N2 ﬁxation.2.7. Statistics
All analyses were made using General Linear Models in SPSS 21
(IBM, Chicago USA). Effects of herbivores and site were initially
analyzed using a mixed model ANOVA with herbivore exclosure as
a ﬁxed effect (H), site (S) as a random effect, and an H  S
interaction. Measurements of nifH abundance and mass-speciﬁc N2
uptake were ln-transformed before analysis to normalize distri-
butions and equalize heterogeneity of variances among sites and
between treatments. Because N2 uptake was often zero, we
analyzed ln(N2 uptake + 1). Equality of variances between exclo-
sure and control treatments was evaluated with Levene’s Test and
was found to be insigniﬁcant for all response variables (F1,21< 2.7,
P > 0.10).
Site characteristics, along with potential herbivore effects, that
potentially explained variation in response variables among sites
were analyzed with ANCOVA, with exclosure as a ﬁxed effect and
mean soil moisture, N mineralization and extractable soil P as
covariates, in SPSS 21 (IBM, Chicago). Experimental plots were used
as independent samples because approximately 40% of the
variation in soil properties occurs within sites (Anderson et al.,
2007b). Selected best models had the lowest AIC of sets with all
variables at P < 0.2 and total model signiﬁcance (P < 0.05)
(Burnham and Anderson, 2004).
3. Results
Diazotroph (nifH) copy number (PCR units/g) varied consider-
ably for all three substrates and within and among sites (Fig. 1A-C,
Table 2). Mean T. triandra root nifH copy number varied across sites) per g root or soil (A–C) and N2 ﬁxation per g root or soil (D–F) in roots of Themeda
ely, for the four sites in the Serengeti National Park herbivore exclosure experiment.
 exclosure plots (N = 3 for each site and treatment combination; total = 24 plots).
ormed data, though untransformed means and s.e.m. are shown in D–F in order to
Table 1
Environmental characteristics (mean + s.e.m.) of the four long-term herbivore exclosure experimental sites in Serengeti National Park used in this study (data from Ritchie
(2014)).
Site Grazing Intensity
(%) (N = 3)
Rainfall 1999-2008
(mm/y, N = 9)
Soil Net Nmin
mg kg1mo1
Soil C (%) Soil Ext P
(m)
Soil Mo
(m)
Soil
Moisture
(%)
Soil Clay
(%)
Soil Bulk Density (g/
cm2)
Tagora Plains
(TOG)
69 + 12 654 + 87 2.86 + 4.09 1.85 + 0.07 73.8 + 3.0 2.71 + 0.15 8.2 + 0.25 6.21 + 1.3 1.22 + 0.17
Klein's Camp
(KCW)
56 + 9 771 + 61 9.18 + 4.31 1.77 + 0.09 11.3 + 0.8 1.74 + 0.12 15.3 + 1.2 23.9 + 2.4 1.07 + 0.17
Kuka Hills
(KUH)
49 + 4 784 + 41 36.41 + 7.22 2.13 + 0.03 10.0 + 0.5 1.78 + 0.17 11.5 + 1.4 8.40 + 1.3 1.15 + 0.12
Musabi Plains
(MSB)
28 + 13 885 + 63 18.74 + 0.07 2.20 + 0.21 124.5 + 7.8 2.20 + 0.24 12.3 + 1.8 35.9 + 2.9 0.90 + 0.10
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that of I. volkensii at the driest site TOG (Fig. 1A, Table 1), but was
generally less than the mass-speciﬁc copy number of I. volkensii
and soil diazotrophs. Copy number of nifH on different hosts or in
soil responded differently to herbivore exclusion (Fig. 1, Table 2).
Herbivore exclusion signiﬁcantly increased I. volkensii root nifH
copy number (Fig. 1B) but did not affect nifH copy number of T.
triandra roots or in soils (Fig. 1A, C) (Table 1).
Diazotroph activity, or root mass-speciﬁc N2 uptake, was
correlated (P < 0.01) with nifH copy number for both plant hosts
(Fig. 2A,B), while soil diazotrophs were mostly inactive (Fig. 2C).
The slope of response of N2 uptake for I. volkensii roots was
signiﬁcantly steeper (P < 0.01) than for T. triandra roots. Based on
the slopes of the relationships in Fig. 2A and B, I. volkensii
diazotrophs ﬁxed 5 times as much N2 per PCR unit of nifH as T.
triandra roots at high copy numbers of nifH. However, T. triandra
diazotrophs exhibited activity at copy numbers 2–3 times lower
than I. volkensii and occurred at a root mass-speciﬁc maximum
copy number 2–3 times higher than that found on I. volkensii. At
three sites (TOG, KCW, KUH) grass and legume root diazotrophs
were consistently active N2 ﬁxers, while soil diazotrophs were
largely inactive. At the MSB site in the presence of herbivores, T.
triandra and soil surface diazotrophs were the only active N2 ﬁxers.
Overall, herbivory did not signiﬁcantly affect mean root mass-
speciﬁc N2 ﬁxation on T. triandra roots (Fig. 2D) but signiﬁcantly
reduced it for I. volkensii (Fig. 2E). As a result, I. volkensii
diazotrophs exhibited 5–10 fold higher activity than T. triandra
in exclosures but exhibited only twice as high activity under
herbivory. However, at the MSB site with the highest rainfall andTable 2
Response of diazotroph abundance and activity for the three host environments Themeda 
root biomass, to herbivore exclosure treatment and site variation in Serengeti Nationa
Treatment 
Host Response Mixed Model ANOVAa Herbivory 
T. triandra
ln(nifH) S* 
ln(N2 uptake) S* 
Root Biomass H  S** 168.7*** (33.4) 
I. volkensii
ln(nifH) H* 1.00* (0.48) 
ln(N2 uptake) H*,S* 0.048* (0.022) 
Root Biomass H  S* 18.98* (9.07) 
Soil
ln(nifH) S* 
ln(N2 uptake) H* 0.013* (0.006) 
Coefﬁcients for included variables + SE, signiﬁcance: * P < 0.05; ** P < 0.01; *** P < 0.00
a Mixed Model ANOVA with herbivore treatment (H) as a ﬁxed effect and Site (S) as a r
b Extractable P was not signiﬁcant (P > 0.20) in any model.
c The set of covariates that produces the lowest Akaike Information Criterion with insoil P, grass-associated diazotrophs ﬁxed low amounts of N2 while
I. volkensii diazotrophs were inactive.
Root biomass of T. triandra was 10–40 times higher than that of
I. volkensii overall (Fig. 3A,B), but was reduced by 50% on average by
herbivores (Fig. 3A) due to an herbivore-induced reduction in the
relative abundance of T. triandra (Anderson et al., 2007b) in the
plant community (Fig. 3B). In contrast, the presence of herbivores
increased I. volkensii root biomass at three sites, which occurred
from a greater plant density in grazed versus ungrazed plots
(ungrazed, mean + SE, plants/plot = 4.67 + 1.78 in ungrazed,
16.98 + 4.35 in grazed) and despite that mean I. volkensii plant
stem length (cm) was lower under grazed conditions (49.2 cm + 8.3
in ungrazed versus 32.5 + 5.7 in grazed).
After multiplying N2 ﬁxation activity for T. triandra and I.
volkensii (Fig. 1D,E) by their respective estimated root biomasses
(Fig. 3A,B), we found that at three sites (TOG, KCW, and KUH), T.
triandra diazotrophs exhibited area-speciﬁc N2 ﬁxation at 2–10
times higher rates than I. volkensii inside exclosures but only at
roughly similar area-speciﬁc rates to I. volkensii outside exclosures
(Fig. 3C,D). In contrast, at the MCB site, despite very low root mass-
speciﬁc nifH copy number and activity overall (Fig. 1A,D),
herbivores had the opposite effect: T. triandra area-speciﬁc N2
ﬁxation under herbivory occurred at a rate similar to the mean for I.
volkensii across the other three sites, but was nearly zero inside
exclosures.
Grass, legume, and soil diazotrophs exhibited different asso-
ciations with climate and soil factors (Table 2), as revealed by
ANCOVA in a general linear model selection analysis (Burnham and
Anderson, 2004). T. triandra nifH copy number and root mass-triandra (Grass), Indigofera volkensii (Legume), and soil, plus T. triandra and I. volkensii
l Park.
Covariateb ANCOVA Modelc P R2adj
Soil Moisture (%) Net N Min (mg kg1mo1)
77.80* (28.45) 0.02 0.21
0.372 (0.219) 0.05 0.22
<0.0001 0.61
0.008 0.31
0.05 0.14
0.06 0.11
58.13*** (13.82) 10.11** (3.29) <0.0001 0.59
0.024* (0.0082) 0.024 0.31
1; no asterisk, P > 0.05.
andom effect, and HxS as the interaction. Replicates are experimental plots (n = 24).
cluded variables (P < 0.2).
Fig. 2. Relationships between N2 uptake and abundance of the nitrogenase gene (nifH) in PCR units per g root or soil for A. Themeda triandra (Grass), B. Indigofera volkensii
(Legume), and C. soil from Serengeti National Park.
Fig. 3. Mean (+s.e.m.) relative abundance root biomass (g/m2) (A, B) and estimated N2 ﬁxation per unit area (C, D) for Themeda triandra (Grass) and B. Indigofera volkensii
(Legume) respectively, at each of the four sites in the Serengeti herbivore exclosure experiment for plots with herbivores present (hatched) and herbivores excluded (solid
black bars).
238 M.E. Ritchie, R. Raina / Pedobiologia 59 (2016) 233–241
M.E. Ritchie, R. Raina / Pedobiologia 59 (2016) 233–241 239speciﬁc N2 ﬁxing activity was associated with lower soil moisture.
None of the covariates explained variation in I. volkensii nifH
abundance and activity, while soil nifH abundance increased with
soil moisture and N mineralization.
4. Discussion
Overall, these results suggest that grass-associated endophytic
N2 ﬁxation can occur at rates comparable to or higher than that of
legumes and free-living bacteria in the soil. Copy number of nifH
genes on T. triandra roots was as high as or higher than those on the
dominant legume I. volkensii, (Table 1) (Fig. 1) in some environ-
ments, and this was associated with signiﬁcant N2 ﬁxing activity.
These results further develop a growing understanding of grass-
associated symbioses with diazotrophs (Boddey and Dobereiner,
1995; Chalk, 1991; James, 2000). Our results expand the prior
discovery of diazotrophs on roots of wild grasses (Brasil et al.,
2005; Chowdhury et al., 2007; Reinhold-Hurek and Hurek, 1998;
Reis et al., 2001) and recent measurements of signiﬁcant grass N2
ﬁxation for some crop species to suggest that grasses in some
natural ecosystems, particularly in the tropics (Davis et al., 2010;
Hungria et al., 2010; Peng et al., 2006; Reis et al., 2001; Rout and
Chrzanowski, 2008), may ﬁx large amounts of N2. While our results
are based on measurements for one dominant grass species at a
single time point, they do suggest that grass N2 ﬁxation in natural
ecosystems, which has largely been ignored in grassland N budgets
(Bustamante et al., 2006), warrants signiﬁcant additional research.
NifH copy number correlated strongly with mass-speciﬁc
activity for both plant hosts (Fig. 2). This correlation is not always
found because nifH genes are found on DNA of inactive or non-
living microbes, and suggests that many of the diazotrophs on
grass roots were live and active. The slope of activity versus nifH
copy number (Fig. 2) for T. triandra was lower than that of I.
volkensii, and may indicate greater efﬁciency of legume diazo-
trophs compared to those on grass roots. Alternatively, a greater
fraction of diazotrophs on grass roots may have been inactive.
However, comparing nifH copy numbers among hosts and in soil is
speculative, since we did not know how much of the DNA yielding
nifH genes was from active organisms and how many active
organisms had multiple copies of the nifH gene. Nevertheless, our
results are consistent with the hypothesis that nodulated
diazotrophs on legume roots may receive greater protection from
oxygen than that provided by rhizosheaths for grass-associated
diazotrophs (Bergmann et al., 2009; Chalk, 1991). Rhizosheaths are
a poorly understood, apparently symbiotically motivated, struc-
ture on plant roots (Bergmann et al., 2009; Dobbelaere et al., 2003;
Hartnett et al., 2013), and may play a key role in harboring
diazotrophs and facilitating N2 ﬁxation by grasses. It is unknown
however, how much protection against oxygen they might provide.
Measurements of N2-ﬁxation for plants are from cut roots and
may not reﬂect activity on intact roots in soil. Unfortunately, other
methods of assessing N2 ﬁxation on intact roots, such as nutrient
pool dilution assays, are not very speciﬁc for individual plant
species in natural plant mixtures and thus not suitable for testing
whether a particular grass species ﬁxed N. Diazotrophs on grass
roots likely are additionally protected in rhizosheaths, which are
known to resist dessication (Hartnett et al., 2013). Further, we
moistened roots in the process of rinsing off soil, conducted assays
beneath soil for only 30 min, so it is likely that carbon already
present in roots is sufﬁcient to sustain N2-ﬁxation during our brief
measurement period. It seems unlikely, therefore, that the
incubation environment was enough different from intact soil as
to strongly bias our measurements.
Grass diazotrophs appeared to be active at lower nifH copy
numbers than I. volkensii (Fig. 2), perhaps reﬂecting easier access to
N2molecules by less strongly protected bacteria, or the presence ofbacterial species that can ﬁx N2 even in the absence of protection.
Some bacterial species found previously on grasses, such as
Azotobacter (Dobereiner et al., 1972; Post et al., 1983), and unlike
the Rhizobium spp. and Bradyrhozobium spp. common on legumes,
also offer intracellular protection of nitrogenase even in the
absence of bioﬁlms or plant protective structures. Further
exploration of bacterial taxonomic composition, rhizosheaths,
and oxygen deﬁcits in grass versus legume roots plus better
characterization of bacterial abundance is needed to better
understand these nifH copy number and N2-ﬁxing activity
patterns.
The frequent inactivity of surface soil diazotrophs was
consistent with previous studies, though the large variance in
measured rates when they were active suggested the potential for
signiﬁcant N2-ﬁxation by surface soil diazotrophs under the right
conditions (Chua et al., 2014; Patra et al., 2005; Yeager et al., 2012).
Unfortunately, we lacked sufﬁcient numbers of plots to explore
such conditions further. In addition, we sampled only the top 5 cm
of soils, as we were targeting photosynthetic diazotrophs, and it is
possible that heterotrophic bacteria deeper in the soil proﬁle ﬁxed
N2 that we did not measure.
T. triandra, I. volkensii, and soil diazotroph mass-speciﬁc N2-
ﬁxing activity (Fig. 2) exhibited quite different responses to
exclusion of herbivores. The lower I. volkensii activity in the
presence of herbivores is consistent with the hypothesis that
herbivores reduce plant C availability and allocation to mutualists,
given that legumes may have a limited capacity to compensate for
leaf loss to herbivores (Ritchie et al., 1998). In contrast, the
insensitivity of T. triandra nifH copy number and activity to
herbivore exclosures may reﬂect the greater ability of grasses such
as T. triandra to compensate for herbivory and maintain C supplies
to mutualists (McNaughton, 1985; Ritchie, 2014). The signiﬁcant
decrease in soil diazotroph activity under grazing (Fig. 2, Table 1)
does not support the hypothesis that grazing should increase light
for photosynthesis and thus energy for N2-ﬁxation for cyanobac-
teria (Kuske et al., 2012). Instead, our results may reﬂect C-
limitation imposed by herbivore reduction of standing biomass
and plant litter and C inputs to soils or other unmeasured indirect
effects of herbivores on water and soil nutrients (Anderson et al.,
2007b).
While herbivore exclusion did not affect T. triandra diazotroph
mass-speciﬁc activity, it did dramatically decrease T. triandra
aboveground biomass, and by assumption, root biomass. This
effect largely explained T. triandra area-speciﬁc N2 ﬁxation (Fig. 3).
Reported leaf N of T. triandra is higher than that of other taller
grasses in Serengeti (Anderson et al., 2007a, 2007b) so T. triandra
may have experienced disproportionate herbivory relative to other
grasses with lower leaf N (Sirotnak and Huntly, 2000). This result
would be consistent with a hypothesis that herbivory ultimately
reduces N2 ﬁxation through either reduced diazotroph activity or
through selective reduction of host plant biomass (Ritchie et al.,
1998; Vitousek and Howarth, 1991). In contrast, herbivore
exclusion signiﬁcantly decreased root biomass of I. volkensii
(Table 2, Fig. 3) at two sites (TOG and KUH), consistent with a
hypothesis that grazing on competitively dominant grasses
increases light, and thus C, availability to legumes. However, the
reduction in diazotroph (nifh) abundance and activity on I. volkensii
roots under herbivory (Fig. 1) does not support the hypothesis of
higher within-plant C availability. However, greater light availabil-
ity from reduced grass biomass may have stimulated the three-fold
greater density of I. volkensii plants we found outside exclosures
that contributed to higher I. volkensii root biomass in the presence
of herbivores. This outcome points to the interplay between plant
population and biomass dynamics and within-plant resource
availability and allocation in ultimately driving N2-ﬁxation at the
ecosystem level.
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activity only by herbivory was surprising, and may indicate a
strong limitation of I. volkensii N2-ﬁxation by within-plant C
availability. The general lack of importance of soil extractable P or
N mineralization alone for plant diazotrophs was surprising, given
the frequent linkage between soil net N mineralization and N2-
ﬁxation (Batterman et al., 2013; Kambatuku et al., 2013; Keuter
et al., 2014; Patra et al., 2007) and predictions of economic trade
models for plant mutualists (Batterman et al., 2013; Johnson, 2010;
Johnson and Graham, 2013; Johnson et al., 2006) that plant hosts
will exchange C with the mutualist that provides the more strongly
limiting resource. Under these predictions, I. volkensii diazotrophs
might have been expected to be more abundant and active on
higher P, lower N soils, such as at the Musabi and Tagora Plains sites
(Table 1), where plant host demand for N would presumably be
greater (Batterman et al., 2013; Hedin et al., 2009). One reason for
the lack of such a signal may be similarity in mean annual rainfall
(700–900 mm/yr) and soil moisture content (8–15%) across our
sites and ubiquitous N-limitation across the Serengeti (Holdo et al.,
2007; McNaughton et al., 1997) regardless of soil P (Table 1).
Interestingly, nifH copy number and N2-ﬁxation activity of soil
surface bacteria was positively correlated with both soil moisture
and net N mineralization rate (Table 2). While greater soil moisture
is often shown to increase bacterial growth and activity (Yeager
et al., 2012), the data suggest that N2-ﬁxation occurred at higher
rates where more nitrogen was available. This contrasts with many
previous results that show soil bacteria N2-ﬁxation to be higher at
lower net N mineralization (Keuter et al., 2014; Patra et al., 2006,
2007; Zheng et al., 2016). However, active soil diazotrophs seem as
likely to increase N mineralization through exudation and cell
turnover as they are to be stimulated by a lack of nitrogen. Thus we
cannot reject the alternative hypothesis that higher net N
mineralization rate is the result of soil surface diazotroph activity
rather than a driver.
The factors associated with greater T. triandra diazotroph
abundance, as inferred from nifH copy number, and activity were
not consistent with expectations of either a resource-limitation
hypothesis or the functional equilibrium model as hypotheses for C
exchange between plant hosts and mutualist microbes. First, the
decline in T. triandra root diazotroph abundance associated with
increasing soil moisture (Table 2) was unexpected because
diazotrophs generally need water to hydrate cells and support C
inputs from host photosynthesis (Vitousek et al., 2002, 2013). In
the case of grass roots, greater soil moisture might help reduce
oxygen concentrations at the root surface (Dobereiner et al., 1972)
and rhizosheaths that potentially harbor diazotrophs may be more
prevalent under drier conditions (Bergmann et al., 2009; Hartnett
et al., 2013). Secondly, diazotrophs would be expected to increase
under conditions of lower N availability relative to P and thus
greater plant N demand, and thus might be associated with lower
soil N:P. However, no such pattern was observed (Table 1). These
results are not consistent with the standard economic hypotheses
for mutualists based on trading of C for nutrients. It is unclear from
our data what mechanisms might explain these patterns, so further
investigation is warranted.
5. Conclusions
Overall, our data clearly show the potential for T. triandra and
perhaps other grasses (Bergmann et al., 2009; Chalk, 1991;
Chowdhury et al., 2007; Dobereiner et al., 1972) to ﬁx large
amounts of N2. To the extent that nifH gene copy number reﬂects
diazotroph abundance, the grass strategy may be maintaining
relatively high abundances of otherwise less efﬁcient diazotrophs
on extensive root systems, even though this might require grasses
to exchange much more carbon per unit ﬁxed N than legumes orsoil diazotrophs. Grasses may act as the predominant source of N2
ﬁxation in drier conditions (such as the TOG site) or under
herbivory in wetter conditions (such as the MSB site). While
herbivores reduced relative abundance, root biomass and area-
speciﬁc N2 ﬁxation by T. triandra (Fig. 3), they did not affect
diazotroph activity, suggesting that N inputs from grass-associated
N2-ﬁxation may be sustained even under grazing (McNaughton,
1985; Ritchie, 2014). Such ﬁxation might be especially important at
the ecosystem level if other more grazing tolerant grass species,
such as Digitaria macroblephora or other similar species (Anderson
et al., 2007a; McNaughton, 1985), also prove to harbor active
diazotrophs. In addition, comparing grass endophyte with N2-
ﬁxation by trees, such as Acacia species, in savanna ecosystems is
likely an important next step, since N2 ﬁxation by trees is still
poorly understood due to methodological challenges (Bai et al.,
2012; Zheng et al., 2016). More work also needs to address seasonal
variation in N2-ﬁxation to better estimate annual N2 ﬁxation
relative to atmospherically derived N inputs. Nevertheless, our
results provide a basis for exploring the role of grass-associated N2
ﬁxation in grasslands, particularly in the tropics where warm
temperatures and nutrient-limited soils may favor N2 ﬁxation
(Chidumayo, 1997; Houlton et al., 2008).
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